Treatment of cells with synthetic C2-ceramide has been reported to induce apoptosis in several cell systems, and endogenously formed ceramide has been proposed to act as a second messenger, activating signaling pathways which contribute to the execution of apoptotic cell death after Fas ligation or tumor necrosis factor receptor-1 ligation. In this study, we examined the effect of exogenously administered C2-ceramide on the human prostatic carcinoma cell lines PC3 (Fas-sensitive) and DU145 (Fas-resistant). In both cell lines, C2-ceramide induced cell death in a dose-dependent manner, whereas a structural analog, C2-dihydroceramide, did not. The pan-caspase inhibitor zVAD-fmk did not prevent C2-ceramide-induced cell death but did prevent C2-ceramide-induced DNA fragmentation, indicating that apoptotic and non-apoptotic mechanisms are involved in C2-ceramide-induced death. Interestingly, cycloheximide prevented C2-ceramide-induced DNA fragmentation, indicating that ceramide-induced apoptosis in PC3 and DU145 requires new protein synthesis. In addition, because cycloheximide converts Fas-resistant DU145 to Fas-sensitive as assessed by DNA fragmentation, ceramide does not seem to play a major role in the Fas-mediated pathway in this cell line. We also determined the levels of endogenous sphingomyelin after Fas ligation in PC3. No decrease of sphingomyelin levels could be detected after Fas activation. We conclude that sphingomyelinase-generated ceramide does not play a role in Fas-mediated apoptosis in PC3, and that there are fundamental differences in the mechanisms of cell death induced by C2-ceramide and Fas ligation. (Lab Invest 2000, 80:671-676).
T
he Fas (CD95) receptor is a type I transmembrane protein and belongs to the tumor necrosis factor receptor family (Ashkenazi and Dixit, 1998; Nagata and Golstein, 1995) . Ligation of the Fas receptor results in the activation of various signaling pathways that ultimately lead to apoptosis (Li et al, 1998; Medema et al, 1997; Muzio et al, 1997) . It has recently been reported that stimulation of cell surface receptors, including Fas, results in the rapid generation (minute range) of endogenous ceramide (Gulbins et al, 1995 (Gulbins et al, , 1996 Tepper et al, 1995) . Because treatment of cells with cell-permeable analogs of ceramide such as C2-ceramide or C6-ceramide was shown to induce apoptosis (Jarvis et al, 1994; Jayadev et al, 1995; Obeid et al, 1993) , ceramide was thought to be a second messenger in cell death signaling. In most cases, the increase in ceramide levels after Fas ligation was explained by the activation of cellular sphingomyelinases (SMase) which hydrolyze sphingomyelin (SM) to yield phosphorylcholine and ceramide (Hannun, 1996; Hofmann and Dixit, 1998) . Both neutral SMase and acidic SMase (aSMase) are activated by the Fas receptor (Cifone et al, 1995; Gulbins et al, 1995; Tepper et al, 1995) , although it is aSMase that is thought to generate ceramide during apoptosis (Wiegmann et al, 1994) . The regulatory mechanisms of SMase activation by the Fas receptor are unknown (Brenner et al, 1998) , and studies of Fas-mediated apoptosis in human cells deficient in aSMase have yielded conflicting results. One report concluded that aSMase is required for Fas-mediated apoptosis (De Maria et al, 1998) whereas another report concluded that aSMase is not required (Cock et al, 1998) . Moreover, in another study, neither treatment of lymphocytes with inhibitors of SMase or with inhibitors of de novo ceramide synthesis prevented Fas-mediated apoptosis (Gamen et al, 1998) . In addition to these contradictory findings, other studies have reported different ceramide responses to the same inducer of apoptosis (Hannun, 1996) , and thus the role of ceramide as a second messenger in apoptosis has been questioned (Hofmann and Dixit, 1998; Skowronski et al, 1996; Watts et al, 1999) . One important observation that emerged was that the diacylglycerol kinase assay for measuring cellular ceramide is misleading because it generates artificial results (Watts et al, 1997) . Thus, reports of signal-induced ceramide generation should be verified using a different assay for ceramide (Hofmann and Dixit, 1998) . The use of alternative assays, such as mass spectrometry or HPLC, generally have not shown increases of endogenous ceramides after Fas ligation; at least not during the early stages of the apoptotic response (Sillence and Allan, 1997; Tepper et al, 1997; Watts et al, 1997 Watts et al, , 1999 . Thus, ceramide might not be involved in the early phase of Fasmediated apoptosis (Sillence and Allan, 1997; Tepper et al, 1999) .
We have previously shown that in the human prostatic carcinoma cell lines PC3 and DU145 the pathway(s) leading to Fas-mediated apoptosis are intact (Rokhlin et al, 1997) . PC3 is sensitive to treatment with a monoclonal antibody (mAb) to Fas, whereas DU145 is only sensitive under combined treatment with an anti-Fas mAb and cycloheximide (CHX). CHX is necessary to convert DU145 from Fas-resistant to Fassensitive due to a labile dominant inhibitory protein(s), presumably acting at the apex of the apoptotic cascade (Rokhlin et al, 1997 (Rokhlin et al, , 1998 . We have also demonstrated that the pathways leading to Fas-mediated apoptosis in these cell lines involve the activation of caspase-8 and caspase-7 (Rokhlin et al, 1998) , as well as cytochrome c release into the cytosol, and activation of caspase-9 (Gewies et al, 2000) . In this study, we examined the effect of exogenously administered C2-ceramide on PC3 and DU145. We found that C2-ceramide induces cell death by non-apoptotic and apoptotic mechanisms in both cell lines. We then asked whether ceramide signaling plays a role in Fas-mediated apoptosis of PC3 and DU145, and whether defective ceramide signaling might be involved in the resistance to Fas ligation in DU145. Our data, which are consistent with recent reports in other cell systems, show that ceramide does not play a role in Fas-mediated apoptosis in human prostatic carcinoma cell lines.
Results

C2-Ceramide Induces Cell Death That Is Not Inhibited by the Caspase Inhibitor zVAD-fmk in PC3 and DU145
To determine whether human prostatic carcinoma cell lines are susceptible to ceramide-induced cell death, we measured the viability of PC3 and DU145 after 24 hours of treatment with different concentrations of the cell-permeable ceramide analog C2-ceramide. In response to C2-ceramide, PC3 and DU145 died in a dose-dependent manner (Fig. 1, A and C) . In contrast, the structurally related C2-dihydroceramide induced a lower level of cell death that was not dose-dependent. Upon treatment of PC3 with 40 M C2-ceramide, or DU145 with 60 M C2-ceramide, the cells rounded-up and finally detached from the plastic surface; whereas even 100 M C2-dihydroceramide did not result in any visible change (data not shown). C2-ceramide-induced cell death could not be prevented by the C2-ceramide induces cell-death in PC3 and DU145 that is not prevented by zVAD-fmk. C2-ceramide-mediated cell death was estimated using a viability assay as described in "Materials and Methods". The effect of different concentrations of C2-dihydroceramide (DH-C2), C2-ceramide (C2), and C2-ceramide in the presence of 100 M zVAD-fmk (C2 ϩ zVAD-fmk) on the viability of PC3 (A) and DU145 (C) is shown. As a control, the inhibitory effect of 100 M zVAD-fmk on Fas-mediated cell death in PC3 was determined (B). Also as a control, the effect of 1% ethanol on PC3 and DU145 was measured. Also, as a control, the inhibitory effect of 100 m zVAD-fmk on Fas-mediated cell death in PC3 was determined (B). The data shown in (A) and (C) are the mean and SD values of at least three independent experiments; the anti-Fas data in (B) are the average of two independent experiments.
Gewies et al addition of the broad-specificity caspase inhibitor, zVAD-fmk (Fig. 1, A and C) , whereas zVAD-fmk inhibited Fas-mediated death of PC3, as expected (Fig.  1B ). These observations suggest that in both cell lines, PC3 and DU145, C2-ceramide induced a caspaseindependent, non-apoptotic mode of cell death.
C2-Ceramide Induces DNA Fragmentation That Is Caspase-Dependent and Can Be Blocked by Cycloheximide
It was recently reported that the killing of Jurkat cells by synthetic ceramide could occur by both apoptotic and non-apoptotic mechanisms (Mengubas et al, 1999a (Mengubas et al, , 1999b . In those studies, zVAD-fmk did not decrease the overall rate of killing of Jurkat cells by C2-ceramide, but did dramatically decrease the induction of apoptosis. Thus, although we did not detect any effect of zVAD-fmk on overall killing by C2-ceramide in PC3 and DU145 (Fig. 1) , we could not rule out a partial involvement of apoptotic mechanisms in C2-ceramide-induced killing. Using a quantitative DNA fragmentation assay, we demonstrated that DNA was fragmented in PC3 and DU145 after treatment with C2-ceramide but not after treatment with C2-dihydroceramide (Fig. 2) . The broad-specificity caspase inhibitor, zVAD-fmk, effectively inhibited this DNA fragmentation, suggesting the involvement of apoptotic pathways in C2-ceramide-induced cell death. C2-ceramide-induced DNA fragmentation increased in a dose-dependent manner in DU145, but we observed a maximum DNA fragmentation at 40 M C2-ceramide in PC3. Concentrations of C2-ceramide higher than 40 M resulted in decreasing levels of DNA fragmentation. These results indicate that apoptotic and non-apoptotic mechanisms of cell death compete, and that, in PC3, concentrations higher than 40 M result in a shift towards non-apoptotic mechanisms.
Reported studies with neurocytes indicate that inhibition of protein synthesis by CHX blocks or delays ceramide-induced apoptosis (Brugg et al, 1996; Hartfield et al, 1998) . This supports the hypothesis that ceramide-induced apoptosis requires new protein synthesis for initiation, at least in some cell systems (Sawai et al, 1995; Westwick et al, 1995) . In the case of PC3 and DU145, we found that CHX clearly decreased the degree of C2-ceramide-induced DNA fragmentation (Fig. 2) . In contrast, CHX converted DU145 from Fas-resistant to Fas-sensitive as estimated by DNA fragmentation (Rokhlin et al, 1997) . This suggests that the ceramide pathway is not essential during the execution of Fas-mediated apoptosis in DU145.
Fas Ligation Does Not Result in a Decrease of SM Levels
Crosslinking of the Fas receptor has been reported to trigger the generation of endogenous ceramide during the early stages of apoptosis; ie, within 10 to 15 minutes after Fas ligation (Brenner et al, 1998; Cifone et al, 1994; Gulbins et al, 1995) . However, recent findings provide evidence against an involvement of ceramide during the initiation phase of Fas-mediated apoptosis (Hannun, 1996; Hofmann and Dixit, 1998; Sillence and Allan, 1997; Tepper et al, 1997 Tepper et al, , 1999 . In most cases, increased levels of ceramide are thought to be mediated by the activation of SMase that catalyze the hydrolysis of SM to ceramide and phosphorycholine (Brenner et al, 1998; Cifone et al, 1994; Hofmann and Dixit, 1998) . To determine whether SMase-generated ceramide is an early response in Fas-mediated apoptosis of prostatic carcinoma cell lines, we measured SM levels after Fas ligation of the Fas-sensitive cell line PC3. As shown in Figure 3 , we did not detect differences between the SM levels of untreated or anti-Fas-treated PC3 cells during the first 40 minutes of stimulation. These results suggest that ceramide does not play an early signaling role in Fasmediated apoptosis in human prostatic carcinoma cell lines.
Discussion
Our data show that C2-ceramide induces cell death in the human prostatic carcinoma cell lines PC3 and DU145. Cell death induced by C2-ceramide seems to be executed by apoptotic and non-apoptotic mechanisms, because overall cell death can not be inhibited by the pan-caspase inhibitor zVAD-fmk (Fig. 1) ; whereas apoptotic DNA fragmentation is inhibited by zVAD-fmk (Fig. 2) . The simultaneous occurrence of apoptotic and non-apoptotic mechanisms in ceramidemediated killing has been reported previously (Mengu- DNA fragmentation induced by C2-ceramide is inhibited by zVAD-fmk and cycloheximide (CHX). DNA fragmentation was estimated after treatment of PC3 (A) and DU145 (B) with C2-dihydroceramide (DH-C2), C2-ceramide (C2), C2-ceramide with 100 M zVAD-fmk (C2 ϩ zVAD-fmk), or C2-ceramide with 10 g/ml of CHX (C2 ϩ CHX). As a control, the effects of 1% ethanol or 10 g/ml of CHX alone were measured. The percentage of DNA fragmentation was determined as described in "Materials and Methods". The data shown are the mean and SD values of at least three independent experiments. , 1999a, 1999b ) . The lack of a protective effect of zVAD-fmk on C2-mediated cell death was accompanied by a slight increase in overall cell killing in the presence of zVAD-fmk (Fig. 1) . This effect has been described previously in C2-ceramide-induced killing of Jurkat cells, and it has been proposed that blockage of caspase activation switches ceramide killing from apoptotic to non-apoptotic pathways (Mengubas et al, 1999a) . It also has been reported that zVAD-fmk can block characteristic biochemical and morphologic events associated with apoptosis, but can not block cell death by non-apoptotic cell death (necrosis) (Hirsch et al, 1997; McCarthy et al, 1997) . Importantly, C2-dihydroceramide-induced cell death is lower than that induced by C2-ceramide, and there is no dose-dependent increase of killing with C2-dihydroceramide, in contrast to the dose-dependent increase seen with C2-ceramide (Fig.  1) . This indicates that C2-ceramide-induced cell death, mediated by both apoptotic and non-apoptotic mechanisms, might be the result of a specific biologic activity of C2-ceramide; eg, by interaction of C2-ceramide with specific cellular targets. Alternatively, C2-ceramide might induce cell death via perturbation of the mitochondrial membrane, resulting in the induction of a mitochondrial permeability transition. Permeability transition has been proposed to be involved in apoptotic and necrotic modes of cell death (Hirsch et al, 1997) .
The mechanisms by which ceramide mediates apoptosis are incompletely understood, but one of the downstream pathways is the stress-activated protein kinase cascade (Ariga et al, 1998) . By an unidentified coupling mechanism, ceramide activates a protein kinase cascade, eventually resulting in the activation of c-Jun, which represents a major component of the AP-1 transcription factor complex. Direct or indirect inhibition of cJun has been reported to abolish the apoptotic responses to ceramide (Sawai et al, 1995; Verheij et al, 1996) . Thus, ceramide-mediated apoptosis would be expected to require new protein synthesis. Indeed, there are reports that indicate that inhibition of protein synthesis by either CHX or actinomycin D inhibits ceramide-induced apoptosis (Brugg et al, 1996; Hartfield et al, 1998; Vento et al, 1998) . We found that ceramide-induced DNA fragmentation in PC3 and DU145 was inhibited in the presence of CHX (Fig. 2) .
Thus, ceramide-mediated apoptosis in PC3 and DU145 seems to require new protein synthesis. The Fas-resistant cell line DU145 is converted to Fassensitive by the inhibition of protein synthesis (Rokhlin et al, 1997) , which may indicate that the ceramide pathway does not play an essential role in Fasmediated apoptosis in this cell line. However, this conclusion is based on the unproven assumption that the exogenous C2-ceramide has the same properties as physiologically generated ceramide.
There are controversial publications with respect to the rapid generation of ceramide after crosslinking of the Fas receptor. Several studies report the generation of ceramide and the concomitant decrease of SM levels within 10 minutes of Fas ligation (Brenner et al, 1998; Cifone et al, 1994; Gulbins et al, 1995) , whereas several other studies provide evidence against a rapid accumulation of ceramide after Fas activation (Sillence and Allan, 1997; Tepper et al, 1997 Tepper et al, , 1999 Watts et al, 1997) . We analyzed the levels of endogenous SM levels after Fas ligation of the Fas-sensitive cell line PC3 (Fig. 3) . We did not find any difference between SM levels in untreated or Fas-treated cells within the first 40 minutes of Fas ligation. This result provides further evidence against a role of SMase-generated ceramide in the initiation of Fas-mediated apoptosis in human prostatic carcinoma cell lines.
In summary, C2-ceramide induces cell death in PC3 and DU145 by apoptotic and non-apoptotic mechanisms. The apoptotic mode of cell death induced by C2-ceramide can be inhibited by CHX, and thus is dependent on protein synthesis. This result provides evidence that in DU145, which becomes Fas-sensitive in the presence of CHX, the ceramide-signaling pathway does not play a role in Fas-mediated apoptosis. We also did not find changes in SM levels after Fas ligation in the Fas-sensitive cell line PC3. Thus, ceramide is not likely to play a role during the early stages of Fas-mediated apoptosis in human prostatic carcinoma cell lines.
Materials and Methods
Cell Culture and Treatment Conditions
The human prostatic carcinoma cell lines were cultured as described previously (Rokhlin et al, 1997) . The RPMI medium with 10% fetal calf serum (FCS) was exchanged at least 2 hours before cells were treated with the respective agent.
Reagents
Ten millimolar stock solutions of C2-dihydroceramide (Calbiochem, La Jolla, California) and C2-ceramide (Calbiochem or Cayman Chemical, Ann Arbor, Michigan) were prepared in ethanol. The stock solution of CHX (Sigma, St. Louis, Missouri) was prepared at 25 mg/ml in ethanol. zVAD-fmk (Calbiochem) was dissolved in dimethyl sulfoxide at a concentration of 10 mM. Sphingomyelin levels after anti-Fas treatment. The Fas-sensitive cell line PC3 was labeled with [methyl- 3 H]choline, and then treated for the indicated times with 2 g/ml of agonistic anti-Fas mAb. The sphingomyelin level was determined by extraction and thin layer chromatography as described in "Materials and Methods". The data shown represent at least two independent experiments.
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Quantitative Viability Assay
To determine the percentage of non-viable cells during drug treatment, cells were seeded at 5000 cells/well in 96-well flat-bottomed plates in the presence or absence of the indicated concentration of C2-dihydroceramide, C2-ceramide, C2-ceramide ϩ 100 M zVAD-fmk, antiFas mAb (IPO-4), anti-Fas mAb ϩ 100 M zVAD-fmk, zVAD-fmk alone, or ethanol. In the inhibition studies, 100 M zVAD-fmk was added to the cells 1 hour before the ceramides were added. After incubation for the indicated times, the viability of the cells was determined using the Calcein AM assay (Molecular Probes, Eugene, Oregon). Each data point in each experiment was represented by a group of quadruplicate samples. The percentage of dead cells was calculated as described previously (Rokhlin et al, 1997) .
Quantitative DNA Fragmentation Assay
The method was described previously (Rokhlin et al, 1997) . Briefly, to measure DNA loss during apoptosis, cells were labeled overnight with [ 3 H]thymidine and then cultured in 96-well flat-bottomed plates (5000 cells/well) in the presence or absence of the indicated concentration of C2-dihydroceramide, C2-ceramide, C2-ceramide ϩ 100 M zVAD-fmk, C2-ceramide ϩ 10 g/ml of CHX, 10 g/ml of CHX alone, or 1% ethanol. In case of inhibition studies, zVAD-fmk was added 1 hour before ceramide was added to the cells, and CHX was added 3 hours before ceramide was added to the cells. Radioactivity was measured by liquid scintillation counting in quadruplicate samples. The percentage of DNA fragmentation was calculated as described previously (Rokhlin et al, 1997) .
Analysis of SM Levels
Cellular SM content was determined as described previously (Brenner et al, 1998) with some modifications. In T25 flasks, 150,000 PC3 cells were metabolically labeled by incubation with 1 Ci/ml of [methyl-3 H]choline chloride (75 Ci/mmol; DuPont-New England Nuclear, Boston, Massachusetts) for 48 hours, in 5 ml of complete RPMI medium with 10% FCS. The medium was then replaced by 5 ml of fresh complete RPMI medium with 1% FCS. After incubation for 2 hours, the medium was replaced by 1.5 ml of complete RPMI medium with 1% FCS containing or not containing 2 g/ml of anti-Fas mAb. After different times of incubation, Fas stimulation was stopped by the addition of 1.5 ml of 0.22 N HCl, and cells were harvested using a cell scraper. The cells were transferred to a glass tube, spun down at 800 ϫg, and the pellet was resuspended in 200 l of PBS. Lipids were extracted by addition of 2.7 ml of CHCl 3 /CH 3 OH (2:1, v/v), 0.9 ml of CHCl 3 , and 0.9 ml of KCl (1M). The organic phase was collected after mixing, and centrifugation for 15 minutes at 800 ϫg, dried en vacuo, and resuspended in 50 l of CHCl 3 /CH 3 OH (1:1, v/v). Twenty-five microliters of lipid extract was separated on G60 silica gel thin layer chromatography plates (Redi Plate, 20ϫ20 cm; Fisher Scientific, Pittsburgh, Pennsylvania) using CHCl 3 :CH 3 OH:H 2 O:acetic acid (50:30:8:4, v/v/v/v) as solvent system. Lipid bands were detected by staining the plate with 2Ј,7Ј-dichlorofluorescein (Sigma) and observation under UV light. SM and phosphatidylcholine were identified by co-migration with standards, SM from bovine brain (Sigma) and phosphatidylcholine (Sigma). The SM and phosphatidylcholine bands were separately scraped off the plate, and radioactivity was determined by scintillation counting. The amount of labeled phosphatidylcholine was used as internal control to normalize for equal amounts of loaded material, because phosphatidylcholine levels can be assumed to be constant (Cifone et al, 1995; Schutze et al, 1992) .
